Abstract Exocyst is an octameric protein complex that mediates the tethering of secretory vesicles at the plasma membrane for exocytosis. In this study, a 1136 bp promoter fragment of exocyst subunit exo70 family protein C2 (EXO70C2) was fused with the b-glucuronidase (GUS) reporter gene and introduced into Arabidopsis thaliana via Agrobacterium tumefaciens. Detail histochemical analysis of EXO70C2-GUS expression in T 3 transgenic A. thaliana lines revealed a strong GUS activity at late stages of pollen development. Strong GUS signals were visible from post meiotic pollen, mature pollen and pollen release stages. There was no detectable expression of EXO70C2-GUS during early pollen development and meiosis stages. Consistent with the GUS assay, EXO70C2 transcript profiling using real-time PCR analysis also showed high expression of EXO70C2 at these late stages of pollen development. Further RNA in situ hybridisation revealed the presence of EXO70C2 signals in pollen and as well as anther tapetum. Taken together, these results indicate that, EXO70C2 is specifically expressed in pollen and anther tapetum during the late stages of pollen development, suggesting its function in regulating essential secretory vesicles to support pollen maturation.
Introduction
Vesicle traffic either through the plasma membrane or via the eukaryotic endomembrane system is facilitated by various tethering factors (Sztul and Lupashin 2006) . These molecules act as molecular bridges that provide initial interactions between vesicles and their target membranes, thus ensuring proper targeted secretion (Hála et al. 2008; Kulich et al. 2015) . Examples of these tethering factors are GARP (Golgi-associated retrograde protein), Dsl1 complexes, COG (conserved oligomeric Golgi), and exocyst (Songer and Munson 2009 ).
To date, exocyst has been the only proposed tethering factor required for regulation of various exocytosis processes in plants (Zhang et al. 2010) . Exocyst is an octameric protein complex which mediates the tethering of post-Golgi secretory vesicles to the plasma membrane for exocytosis (Munson and Novick 2006; Luo et al. 2014) . The eight subunits of exocyts are, SEC3, SEC5, SEC6, SEC8, SEC10, SEC15, EXO70, and EXO84 (Hsu et al. 2004; Tsuboi et al. 2005) . In Arabidopsis, SEC6 and SEC8 are each encoded by a single gene, SEC3, SEC5, SEC10, and SEC15 are each encoded by two genes, EXO84 is encoded by three genes, and EXO70 is encoded by 23 genes (Zhang et al. 2010) . Mutation of maize SEC3 homolog RTH1 results in small stature and short root hairs (Wen et al. 2005) . Moreover, SEC3 interacts with ROP GTPases via an ICR adaptor protein in Arabidopsis (Lavy et al. 2007 ). Mutants in other exocyst subunits such as SEC5, SEC6, SEC8, SEC15, and EXO70A1, exhibit defects in root hairs and pollen tube growth (Cole et al. 2005; Wen et al. 2005; Synek et al. 2006; Hála et al. 2008; Zársky et al. 2009 ). EXO84b was shown to participate in cytokinesis and cell plate maturation in Arabidopsis (Fendrych et al. 2010) . All these studies imply that the exocyst complex plays an important role in regulating development and polarized cell growth in plants.
In Arabidopsis, EXO70 represents the largest subunit family of exocyst. The large and specific expansion of the Arabidopsis EXO70 family may represent a mechanism of regulation for plant exocysts to specify their function for various exocytosis (Zhang et al. 2010) . T-DNA insertion in EXO70A1 causes the disruptions of polarized cell growth and plant development (Synek et al. 2006) . Stigmatic EXO70A1 was also proposed to participate in pollen-stigma interaction by exporting cellular materials essential for pollen hydration (Samuel et al. 2009 ). In addition, EXO70B2 and EXO70H2 were shown to be involved in plant defence, and were proposed to deliver essential components for formations of cell wall appositions during pathogen attacks (Pecenková et al. 2011) . Mutation of EXO70C1 also leads to retardation of pollen tube growth (Li et al. 2010) .
Recent expression analyses showed that five EXO70 genes namely EXO70C1, EXO70C2, EXO70G2, EXO70H3, and EXO70H5, are highly expressed in the stamen and pollen (Synek et al. 2006; Wang et al. 2008; Chong et al., 2010; Li et al. 2010) . During pollen tube growth, the establishment of a narrow growth site at the plasma membrane of growing tip requiring continuous targeting of Golgi-derived vesicles to this site and their fusion with the plasma membrane is essential for proper polarized cell growth (Emons and Ketelaar 2009; Zársky et al. 2009; Onelli et al. 2015) . Highly active vesicle trafficking processes also occur in microspores and tapetal cells during pollen development (Scott et al. 2004) . Besides, the exocyst has been proposed to function in targeted secretion during pollen cytokinesis and cell plate formation in Arabidopsis (Otegui and Staehelin 2004; Seguí-Simarro et al. 2004; Otegui et al. 2005) .
Although some EXO70 genes were previously reported to be mainly expressed in pollen, the role of these genes in pollen remain largely unknown. Hence, detail expression patterns analysis and precise localization of these EXO70 genes during different pollen development stages will shed more light on the role EXO70 plays in pollen. Therefore, this study aimed to provide greater understanding of EXO70C2 gene expression patterns during different pollen development stages through detail promoter GUS assay and expression transcript profiling. In addition, the precise localization of EXO70C2 transcript during pollen development was also determined using RNA in situ hybridization.
Materials and methods

Plant material
The Arabidopsis thaliana accession C24 seeds were obtained from Nottingham Arabidopsis Stock Centre (http://arabidopsis.info/). Seeds were surfaced sterilized in a solution of 20 % Chorox for 15 min and rinsed with sterilized distilled water for 5-6 times before germinating on medium containing 1/2 strength MS medium (Murashige and Skoog 1962), 3 % sucrose, and 1 % agar, pH 5.7, with or without antibiotics. Two weeks old young seedlings were transferred to soil in pots and grown in greenhouse. All growth conditions were set at 22°C with a photoperiod of 16 h light and 8 h darkness.
Construction of EXO70C2-GUS vector and Arabidopsis transformation
To construct the EXO70C2-GUS vector, a promoter region of 1136 bp upstream from ATG start codon was amplified using promoter specific forward primer (5 0 -GGCTCC TTTGT CTGAACATTTATTTTAG-3 0 ) and reverse primer (5 0 -GGTTTCTTATTATTTACGTAAAA AGCTT-3 0 ) from genomic DNA, and fused into pENTR/D-TOPO vector (Invitrogen, USA) according to the manufacturer protocol. Using LR clonase, the fragment was then recombined into pBGGUS destination vector following the protocol described by manufacturer (Invitrogen, USA) to obtain EXO70C2-GUS vector. The EXO70C2-GUS vector was further confirmed through sequencing. Then, the EXO70C2-GUS vector was introduced into Agrobacterium tumefaciens strain GV3101 and transformed into wild-type A. thaliana plants using the floral dip method as described previously (Clough and Bent 1998). A total of seven independent T 3 transgenic A. thaliana lines were selected and recovered from antibiotic selection media.
Histochemical GUS staining and fluorometric GUS activity measurement
The T 3 transgenic A. thaliana lines were divided into 14 stages of anther development as described by Sanders et al. (1999; Fig. 1a ) and subjected to detail GUS staining according to the protocol reported previously (Jefferson et al. 1987) . Samples were cleared as described by Malamy and Benfey (1997) . GUS staining images were taken using an Olympus BX51 microscope (Olympus, USA). Fluorometric measurement of GUS activity was performed following the protocol described by Jefferson et al. (1987) with slight modifications. Briefly, anthers from 14 development stages of T 3 transgenic A. thaliana lines were ground to powder using liquid nitrogen with a mortar and pestle. Then, the powder was suspended using GUS extraction buffer (50 mM sodium phosphate, pH 7.0; 10 mM 2-mercaptoethanol; 0.1 % Triton X-100; 0.1 % sodium lauryl sarcosine and 10 mM 1,2 diaminocyclohexane-N,N,N,N-tetracetic acid). After centrifuge for 10 min at 12,000g, the supernatant was subjected to GUS assay using 4-methylumbelliferly glucuronide (MUG) substrate. Then, the emission wavelengths at 365/455 nm was measured using fluorescence spectrophotometer. The GUS enzyme activity was expressed as nmols of 4-methylumbelliferone (MU) produced per mg protein per min. Total protein concentration was measured according to Bradford assay (Bradford 1976).
Total RNA extraction and real-time PCR analysis
Total RNA from the anthers of 14 development stages were extracted according to the protocol described by Lai et al. (2012a) and treated with DNase I (Invitrogen, USA). The concentration and quality of the total RNA was determined using NanoDrop (Thermo Scientific, USA). Quantitative real-time PCR was performed according to the reported protocol (Lai et al. 2012b ; Lai and Yusoff 2013) using the EXO70C2 gene specific forward primer (5 0 -AGAACGAC AAGGACCCTGATCATGA-3 0 ) and reverse primer (5 0 -TGGATCTTGATGATCTGTCTCCGCA-3 0 ). The ACTIN 8 (forward primer: 5 0 -TGGAACTGGAATGGTTAAGGCT GG-3 0 ; reverse primer: 5 0 -TCTCCA GAGTCGAGCAC AATACCG-3 0 ) was used as an internal control for data normalization. 
RNA in situ hybridization
For RNA in situ hybridization, digoxigenin-labeled and non-labeled EXO70C2 antisense oligo probes were purchased from Nihon Gene Research Laboratory, Japan. The cDNA antisense sequences used was 5 0 -AGAAAGGCG ACGTCGTTTCGGATGCTCATCCCTCAGATGATGCG CATCATCAGGATGGTA-3 0 . In situ hybridization to 14 lm thick Paraplast (Sigma-Aldrich, USA) sections of formaldehyde-fixed flower buds was performed as described previously (Kakita et al. 2007 ). Briefly, excised flower buds were fixed in freshly prepared 4 % paraformaldehyde for 1 h at 4°C. After washing with 0.05 M phosphate buffer, pH 7.2 for five times at 10 min interval, the sample was incubated overnight at 4°C. Samples were then dehydrated in a series of ethanol washes before embedding in paraffin (Sigma, USA) and sectioned (14 lm) for probing as described by Langdale (1994) . Treated sections were hybridized with probe solution (10 mg/ml salmon sperm, 10 mM Tris, pH 8.0, probes, 5 mM EDTA, pH 8.0, 0.3 M NaC1, 10 % dextran sulphate, 40 % formamide, and 19 Denhart's solution) at 45°C overnight. After hybridization, sections were washed with 29 SSC for 1 h at 45°C, RNase treated (10 mg/ml RNase, 0.5 M NaCl, and 10 mM Tris, pH 8.0) at 37°C for 20 min and washed again with 29 SSC (twice for 30 min) at 45°C, with a final wash in 19 SSC for 15 min at room temperature (RT). Detection of hybrids was performed using antidigoxigenin antibody (1:500, Roche, Germany), incubated overnight at RT before washing with TBS solution for 3 times at 5 min interval. Signal detection was performed using Fast TM BCIP/NBT (Sigma, USA) and images were photographed using a Zeiss Axioplan fluorescence microscope (Carl Zeiss, Germany).
Results and discussion
Based on the detail histochemical analysis of different anther stages of T 3 transgenic A. thaliana lines, strong GUS signals were visible from post meiotic pollen (stages 9 and 10) to mature pollen (stage 11) and pollen release stages (stages 13 and 14; Fig. 1b) . There was no detectable GUS expression during early pollen development and meiosis stages (stages 1-8; Fig. 1b ). In agreement with the promoter GUS assay observations, further fluorometric GUS analysis using different anther stages of T 3 transgenic A. thaliana lines also showed high GUS activity in the late stages of pollen development (Fig. 1c) . To further determine the EXO70C2 expression during the late stages of pollen development, EXO70C2 transcript profiling using real-time PCR was also performed. Similarly, high EXO70C2 expression was detected at stages 9-14 of pollen development (Fig. 2) . In contrast, no EXO70C2 expression was detected at the early stages of pollen development (Fig. 2) . The restricted GUS expression observed at late stages of pollen development indicate that, EXO70C2 may play a crucial role in regulating vesicles secretion essential for pollen maturation.
To precisely localize the EXO70C2 expression pattern during pollen development, RNA in situ hybridization on wild-type floral sections was performed using stages 8-12 anthers, where high EXO70C2 expression was detected (Fig. 3) . Strong in situ EXO70C2 signals were detected in the pollen of post meiotic, mitotic and release stages (Fig. 3) . In addition, EXO70C2 signal was also detected in tapetum cells of post meiotic pollen stages which was not reported previously (Fig. 3) . Since tapetum is an important component to support pollen development, such interesting observation strongly suggest that, EXO70C2 may play an essential role during pollen maturation. Collectively, these results indicate that, besides pollen restricted expression, EXO70C2 also express in anther tapetum during the late stages of pollen development.
Several possible scenarios can be proposed to explain the EXO70C2 expression patterns observed in this study. First, EXO70C2 may participate in cytokinesis during pollen development. In eukaryotes, cytokinesis depends on the proper targeting of exocytic vesicles e.g. either to the cell plate in plants or to the cleavage furrow in animals (Guertin et al. 2002) , and the direct role in this process has been demonstrated in mammalian cells (Fielding et al. 2005; Gromley et al. 2005 ) and S. cerevisiae (Dobbelaere and Barral 2004; VerPlank and Li 2005) . Upon completion of pollen meiosis, active cytokinesis occurs to establish the primary cell wall between the microspores. During cytokinesis, various arabinogalactan proteins, callose and cellulose synthase complexes are transported and deposited to the cell plate sites for the formation of a new cell wall (Crowell et al. 2009; Gutierrez et al. 2009 ). Previously, exocyst-like particles were observed by electron tomography to tether vesicles during the formation of the cell plate in developing Arabidopsis pollen (Otegui and Staehelin 2004) . Hence, exocyst can act in trafficking of vesicles containing essential cell wall components and regulate the proper targeted secretion to generate new plasma membranes during cytokinesis in pollen. This is also consistent with the role of exocyst in pectin delivery during seed coat development in Arabidopsis (Kulich et al. 2010) . To further support this hypothesis, Fendrych et al. (2010) also reported a similar involvement of exocyst subunits, namely EXO84b, SEC6, SEC8, SEC15b, and EXO70A1 in cytokinesis and cell plate maturation of root meristem cells. In this study, EXO70C2 expression was detected during the cytokinesis phase (stage 9) of pollen development (Figs. 2, 3) , indicating its role in targeted secretion.
Perhaps, EXO70C2 may involve in the active trafficking of vesicles containing cell wall components during cytokinesis to support pollen cell wall maturation.
Second, EXO70C2 expression detected in anther tapetum may also imply a role in tapetal cells to support pollen development. Pollen development relies heavily on its surrounding tissues of anther wall, especially tapetum for mature pollen production (Teagen et al. 2014) . The successful pollen development, and thus reproduction, requires precise coordination and high secretory activity in both anther tissue and pollen (Jakobsen et al. 2005) . The tapetal cells of Arabidopsis are of secretory type (Murgia et al. 1991) and supply array of proteins, lipids, precursors, and other nutrients required for pollen maturation (Zheng et al. 2003) . The discharge of nutrients from the tapetum strictly depends on the precise and proper functioning of targeted secretion to support pollen maturation. Thus, the exocyst complex is expected to play a role in regulating active secretion processes in tapetal cells. In this study, EXO70C2 expression was detected in tapetum at stages 9 and 10 ( Fig. 3) , where highly active secretion takes place. At these stages, right after microspores are released from the tetrad and before mitosis, tapetum breakdown is initiated. During this degradation process, vesicles containing various essential pollen coat components will fuse with the plasma membrane to release their contents into the anther locule to support pollen maturation (Wilson and Zhang 2009 ). These pollen coat components are originated from the breakdown of two specialized organelles in the tapetum, tapetosomes and elaioplasts, which accumulate at late stages of pollen development (Piffanelli et al. 1998; Hsieh et al. 2003) . Tapetosomes associated proteins (Kim et al. 2001) . All these essential pollen coat components are properly deliver to the anther locule during tapetum breakdown to support pollen maturation. Hence, EXO70C2 may play a role in regulating vesicle secretion during tapetum degradation to ensure successful pollen development. Taken together, the detail expression pattern of the EXO70C2 revealed in this study provide a new insight into the EXO70C2 role during pollen development. The strong EXO70C2 expression detected in pollen and as well as tapetum during the late stages of pollen development suggest that, EXO70C2 may play a crucial role in supporting pollen maturation. Nevertheless, the exact function and molecular mechanisms involved in the regulation of EXO70C2 during pollen development remains to be demonstrated.
